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Abstract 

In the supersymmetric extensions of the standard model, neutrino 
masses and leptogenesis requires existence of new particles. We point 
out that if these particles with lepton number violating interactions 
have standard model gauge interactions, then they may not be created 
after reheating because of the gravitino problem. This will rule out all 
existing models of neutrino masses and leptogenesis, except the one 
with right-handed singlet neutrinos. 



Recent announcement of a positive evidence for a neutrino mass from an 
observation of the atmospheric neutrino anomaly |I| and the supporting evi- 
dence from the solar neutrino puzzle ]2|] implies an extension of the standard 
model. In all the models of neutrino masses considered so far, require exis- 
tence of new heavy particles H with a mass M and lepton number violating 
interactions. At low energy this results in an effective dimension-5 operator 
O = h 2 j^£i^L(p(p, where <p is the usual higgs doublet which gives masses to 
the quarks and charged leptons. When <p acquires a vacuum expectation val- 
ues (vev) to break the electroweak symmetry, the left-handed neutrinos get 
small Majorana masses, m v = ■ H could be a SU (2) L singlet or a triplet 
and it could be a fermion or a scalar, which gives four possible categories of 
models for neutrino masses ||. 

In all these models the decays of the new particles H violate lepton num- 
ber and can, in general, generate a lepton asymmetry of the universe, which 
then gets converted to a baryon asymmetry of the universe before the elec- 
troweak phase transition^. The out-of-equilibrium distribution of H re- 
quires M to be very heavy, particularly if H has got standard model gauge 
interactions. In this article we point out that if we constrain the reheating 
temperature after inflation by requiring that the universe is not overpop- 
ulated by unacceptably large number of gravitinos, then that singles out 
models with right handed neutrinos without any standard model gauge in- 
teractions to be the only consistent class of model for neutrino masses and 
leptogenesis. In the following we first discuss the different models and then 
discuss the gravitino constraint. 

Right handed neutrinos : The fermion content of the standard model is 
extended to include one right handed neutrinos (N a , a = 1,2,3) per gen- 
eration, which are singlets under the standard model gauge group. The 
Majorana masses and the Yukawa couplings of the right-handed neutrino 
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with other leptons are given by, 



C = M a N^N a + h ia £ iL N a (j) + h.c. 



(1) 



Without loss of generality we assume that the right handed neutrino Majo- 
rana mass matrix is real and diagonal. The lepton number violating scale is 
then given by the right-handed neutrino masses, M a . When the higgs dou- 
blet acquires a vev, (0) = v, there will be an induced Dirac mass matrix 
for the neutrinos, (m D ) ia = h ia v.Bj the usual see-saw mechanism |5|], the 
left-handed neutrinos get a small Majorana mass M v = —rrv^^-rriD. 

The decay of the right handed neutrino N a now breaks lepton number. 
CP violation comes from an interference of the vertex and self-energy one- 
loop diagrams with the tree level diagrams and the amount of asym- 
metry is given by, 



when M a < Mp and N a is the lightest right handed neutrino. The decay of 
N a can generate this amount of lepton asymmetry of the universe, if it satis- 



M a , where, H is the Hubble constant, g* is the effective number of helicity 
states, Mpi is the Planck scale. 

Triplet higgs : It is possible to extend the standard model to include 
SU{2)l triplet higgs scalar fields (£ a = (1,3,-1), a = 1, 2 two of them are 
required for CP violation), whose relevant interactions are, 



We choose M a to be real and diagonal. The parameter fj, has a dimension of 
mass and is of the order of M a , which is the only scale in this model other 
than the electroweak symmetry breaking scale. Lepton number is explicitly 
broken at this scale, but the triplet higgs acquires a very tiny vev, which 





fies the out-of-equilibrium condition, 



£ = M a ^ia + fij&Wj + ^aH + h.C. 



(3) 
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gives a Majorana mass to the neutrinos || [J, M„ = < £ a >= —fij ,l< ^ 
. Lepton number violation comes from the decays of the triplet higgs, £ a . 
In this case there are no vertex corrections to these decay processes. The 
one loop self-energy diagrams interfere with the tree level decays to give CP 
violation. If M 2 > Mi and £1 decays away from thermal equilibrium, i.e., 
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(/xi/xj + M X M X ^2 kl fl H f m ) <H = 1.7V^]fc at T = M U then 



a lepton asymmetry will be generated 
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Triplet Majorana fermions : One can also extend the standard model to 
include a SU(2)l triplet fermions, whose large Majorana masses breaks lep- 
ton number. For all practical purposes they behave similar to those like the 
right handed neutrinos and give neutrino masses through see-saw mechanism 



[ 1C ] . Their decay can generate a lepton and hence baryon asymmetry of the 
universe in the same way as that of a singlet right handed neutrino. 

Radiative models : It is possible to write down the effective dimension- 
5 operator with SU(2)i singlet field (% a = (1, 1> — 1), a = 1,2, two of these 
fields are required to get CP violation) if there are at least two higgs doublets 
(0 O , a = 1,2). The neutrino masses originate from radiative diagrams and 



hence are naturally small |Tl|. The charged singlet scalar (x) have couplings 
to two higgses and also to two leptons of two different generations, thereby 
breaking the lepton number explicitly, 



(5) 



Unlike the triplet scalar case, x cannot acquire a vev and hence neutrino 
masses can come only radiatively. Although this model has been studied 
in details for neutrino masses and has been found to have several interest- 
ing features in the context of the present experiments |12|], the question of 
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leptogenesis is only recently being investigated [[TjJ. Without going into the 
details we make here a few general comments about this model. 

Since the decays of this charged scalar violates lepton number in a similar 
way to that of the triplet scalars, a lepton asymmetry can be generated in the 
same way. The amount of asymmetry generated is also similar, except that 
the parameters involved are now changed. The main point we like to stress 
here is that the couplings of \ a violate lepton number at a very high scale. 
Since these singlets are charged, they also suffer from the same problem as 
the triplets that it interacts very fast with the standard model gauge bosons. 
So all the constraints coming due to the gauge interactions of the particles 
whose decay generates an asymmetry will also be applicable to this case. 

Among all the above four classes of models for neutrino masses, only 
models with a singlet right-handed neutrino does not have any standard 
model gauge interaction. In all the three other classes of models, the new 
particles whose interactions break lepton number, transform non-trivially 
under the standard model. We shall next study the consequences of the 
standard model gauge interaction on the generation of a lepton asymmetry 
of the universe when these particles decay. 

For simplicity, we shall consider a couple of generic heavy scalar H a , a = 
1,2, which couples to the standard model gauge bosons through gauge in- 
teractions. In a supersymmetric model, the corresponding superpartner will 
have similar gauge interactions with the gauginos and hence will suffer from 
the same problem. The generic scalar H a could be £ a as in the triplet- 
higgs model, in which case it will interact with the SU{2)l and U(l)y gauge 
bosons, or it could be \a as in the Zee-type radiative models, in which case 
it will interact only with the U(l)y gauge bosons. For the generation of a 
lepton asymmetry of the universe we assume that the relevant part of the 
lagrangian is similar to that of eqn(6). We choose M% to be real and diagonal 
and \i h < M%. Decay of H a into two leptons and two higgs together violate 
lepton number. The tree level and the one loop self energy diagrams interfere 
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to generate a CP asymmetry rj. We shall also assume that M\ < M 2 , so that 
first M 2 decays and then the decay of M\ generates the lepton asymmetry 
of the universe. 

The evolution of lepton number {til = n^ — nnc) is given by the Boltzmann 
equation |T^| , 



Vn L = r]T H [n H - ] - (j^-j n e ^T H - 2n y n L (a L \v |), (6) 

where, the operator T> = + 3H^ ; n e £ is the equilibrium distribution of 
Hi given by n e ^ = T ^ I J 2 K 2 {^-)] T H is the thermally-averaged decay rate of 
H a ; n 7 is the photon density and (<7l\v\) is the thermally-averaged lepton 
number violating scattering cross section. 

The number density {uh) of H\ satisfies the Boltzmann equation, 

Vn H = -T H (n H - n#) + (n H 2 - n^ 2 ){a H \v\). (7) 

The second term on the right is the lepton number conserving thermally- 
averaged H\ + Hi —> Wl + Wl scattering cross section of the heavy particles 
Hi. It is instrumental in initially equilibrating the number density of Hi 
(which will also erase any lepton asymmetry created during the decay of H 2 ) 
but it also prevents departure from equilibrium for Hi, which depletes the 
generated lepton asymmetry if this interaction becomes comparable to the 
expansion rate of the universe. 

To solve these equations, we use the dimensionless variable x = M^/T, 
and normalize the particle density by the entropy density, = rij/s, so t — 
x 2 /2H(x = 1). We also define the parameters K = jT H r x= i^/H( x= i) ; K H = 
1h(vh\v\) ( x =i)/ H (x= iy, 7 = T H /Y H{x=X )] 'Jh = (a H \v\)/(a H \v\) {x=1) and 7, = 
/ H/ X= iy If the out-of-equilibrium condition is satisfied (K <C 1), 
the final lepton asymmetry is given by ~ i]/g*, if there is no suppression 
due to the scattering. Since we are interested in the maximum amount of 
possible lepton asymmetry in this scenario, we shall always consider the 
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couplings of H a , which satisfies this out-of-equilibrium condition, K <C 1 at 
T ~ M\. However, we do not have this freedom for the scattering processes, 
since the standard model gauge coupling constants are involved. We solve 
these two nonlinear equations numerically. To get an unsuppressed lepton 
asymmetry we work with K <C 1. If we ignore the lepton number conserving 
gauge interactions of Hi, the lepton asymmetry is now given by ul ~ v/d*- 
At temperatures of interest, i.e., after the inflation, the restrictions imposed 
on the couplings of H a by K <C 1 will not allow r) to be larger than ~ O(10~ 5 ). 

For our analysis we shall thus assume, K <C 1 at T ~ M\ and n < 10~ 5 . 
Taking the 577(2) £, gauge coupling constant to be given by the GUT cou- 
pling constant at the GUT scale, we include the effect of the lepton number 
conserving gauge interactions of Hi and present it in figure 1. 

For very high M\ masses around the GUT scale, when Kh <C K the 
lepton asymmetry is given by til ~ v/9*- As we lower M\ masses, the 
scattering processes become comparable to the expansion rate of the universe 
and start depleting the amount of lepton asymmetry. For Kh ~ K, we 
already get a suppression by two orders of magnitude. So, for the allowed 
value of 7] < 10~ 5 the lowest possible H± mass for the generation of enough 
lepton asymmetry of the universe becomes 

> O(10 12 ) GeV . (8) 

The above conclusion will also be true for the triplet Majorana fermion 
models, where the lepton number violation in induced by the Majorana mass 
of the Majorana triplet fermion T. The gauge interactions will then induce a 
lepton number conserving scattering process + T — >• Wl — > T' + T, which 
will deplete the lepton asymmetry. 

We have to keep in mind that leptogenesis can occur only after the end 
of inflation. In supersymmetric theories, the thermal production of massive 
gravitinos restricts the beginning of the radiation-dominated era following 



inflation except when the gravitino is very light [15]. After the inflation a 
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large number of gravitinos are produced, which interact very weakly. The 
late decays of unstable gravitinos can then modify the abundances of light 
elements causing inconsistency with observation. In the other hand, stable 
gravitinos may overdose the universe. This imposes a upper bound on the 
reheating temperature T RH jL6], |17], [H| [2(| • 



In the case of stable gravitinos, a limit on the Trh can be derived from 



the closure limit of the universe [fP9|1 



T R „<10'»GeVx(-^)x(i^ (9) 
100 GeV maw 

with m3/2 is the mass of the gravitino and rrig(n) is the running mass of the 
gluino. An upper bound on the gravitino mass also arises when we are taking 
into account the effect of the decays of the next-to-lightest superparticle 
(NSP) on primordial nucleosynthesis. For instance, it was shown in Ref. |T9| 



than for a m 3 / 2 = 1...10 3 GeV and 80 GeV < m NS p < 300 GeV, a T RH as 
large as 10 8 ~ n GeV could be reached. 

In the case of unstable gravitinos, the upper bound on the Trh depends 
on the 7713/2- Essentially, one gets the followings constraints from primordial 
nucleosynthesis |H[ 

T RH < 10 9 GeV m 3 / 2 < 1 TeV (10) 

T RH < 10 12 GeV 1 TeV< m 3/2 < 5 TeV (11) 

It has recently been shown that after the reheating temperature (Trh), 
inflaton decay can produce particles as heavy as ~ 10 3 T RH with sufficiently 
large abundances f22fl . In that case, they get a suppression factor coming 
from the annihilation cross section of the heavy particles, which is the scat- 
tering term in the Boltzmann equation ([7]). Thus the suppression factor is 
similar to the suppression due to the departure of the scattering process from 
equilibrium. In other words, particles with mass 10 times T R h will have an 
abundance about S ~ O(10~ 3 ) times less than the equilibrium abundance, 
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which can generate a lepton asymmetry which is less by a factor of S. So, 
even for the stable gravitino, when the bound on the reheating temperature 
is given by eqn(|), it will not be possible to generate enough lepton asymme- 
try in these scenarios, where the lepton number violating particle have got 
standard model gauge interactions. 

In the left-right symmetric models |23], both the right-handed neutrinos 



and the triplet higgs are present. However, in most of the realistic models the 
triplet higgs are much heavier than the right handed neutrinos and a lepton 
asymmetry is generated when the lightest right handed neutrino decay. In 
SO(10) GUT the left-right symmetric models are naturally embedded, in 
which it has been shown that the mass of the lightest right handed neutrino 
comes out to be just consistent with the gravitino bound and on the other 
hand the amount of generated lepton asymmetry is also as required [^4 



This may indicate that the recent positive evidence of the neutrino masses 
may actually directing us towards a supersymmetric SO (10) GUT. 

In summary, we point out that all the supersymmetric models of neutrino 
masses, except for the one with singlet right handed neutrinos and left-right 
symmetric models, may not be able to generate enough lepton asymmetry of 
the universe consistently with the gravitino bound on the reheating temper- 
ature in inflationary universe. So see-saw mechanism of the neutrino masses 
with right handed singlet neutrinos and left-right symmetric models, such as 
supersymmetric 5*0(10) or superstring inspired E(6) GUTs, then becomes 
the most preferred solution for neutrino masses and leptogenesis. 
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Figure 1: Lepton asymmetry of the universe for different masses of Hi, 
when effects of gauge interaction is included. R is defined as R = 

<^>.,„ »;+^„ w and f = n 

K 1 'without H[+H 1 ^W L +W L 
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